Accretion Disk Temperatures of QSOs: Constraints from the Emission Lines by Bonning, E. W. et al.
ar
X
iv
:1
21
0.
69
97
v1
  [
as
tro
-p
h.C
O]
  2
5 O
ct 
20
12
Submitted to The Astrophysical Journal
Preprint typeset using LATEX style emulateapj v. 5/2/11
ACCRETION DISK TEMPERATURES OF QSOS: CONSTRAINTS FROM THE EMISSION LINES
E. W. Bonning1,2, G. A. Shields3, A. C. Stevens3, & S. Salviander3,4
Submitted to The Astrophysical Journal
ABSTRACT
We compare QSO emission-line spectra to predictions based on theoretical ionizing continua of
accretion disks. The observed line intensities do not show the expected trend of higher ionization
with higher accretion disk temperature as derived from the black hole mass and accretion rate. This
suggests that, at least for accretion rates close to the Eddington limit, the inner disk does not reach
temperatures as high as expected from standard disk theory. Modified radial temperature profiles,
taking account of winds or advection in the inner disk, achieve better agreement with observation. This
conclusion agrees with an earlier study of QSO continuum colors as a function of disk temperature.
The emission lines of radio-detected and radio-undetected sources show different trends as a function
of disk temperature.
Subject headings: galaxies: active — quasars: general — black hole physics
1. INTRODUCTION
The idea of accretion disks around supermassive black
holes as the power source of active galactic nuclei (AGN)
is widely accepted. Physical plausibility, the lack of suc-
cessful alternatives, and the frequent presence of bipo-
lar jets, support this picture. Qualitatively, the blue-
ultraviolet “Big Blue Bump” (BBB) in the spectral en-
ergy distribution of QSOs resembles the expected ther-
mal emission from the disk atmosphere (Shields 1978;
Malkan 1983). Models achieve some success in fit-
ting the spectral energy distribution (SED) of individual
QSOs (e.g., Hubeny et al. 2001). However, the simple
disk model has known shortcomings in accounting for
the soft X-ray continuum, optical polarization, variabil-
ity (see review by Koratkar & Blaes 1999).
In an effort to test the correspondence between disk
theory and observation, Bonning et al. (2007, hereinafter
B07) examined the optical and ultraviolet colors of QSOs
in the Sloan Digital Sky Survey 5 as a function of accre-
tion disk temperature. In simplest terms, do QSOs with
hotter disks show bluer colors? They found poor agree-
ment between observed color trends and those predicted
by standard disk models. For luminosities approaching
the Eddington limit, the observed colors actually become
redder with increasing disk temperature, in qualitative
disagreement with predictions. B07 suggested that the
discrepancy might result from a modification of the in-
ner disk within the radius where radiation pressure gives
a large fractional disk thickness. Modified disk models
with no emission inside the critical radius gave improved
agreement with observation.
Here we extend the results of B07 to include the QSO
emission lines as diagnostics of the higher frequency por-
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tion of the disk continuum. The emission lines are gov-
erned by the intensity of the continuum at ionizing fre-
quencies. The emitted flux at these frequencies is more
sensitive to the accretion disk temperature and poten-
tially offer a stronger test of the trend of the spectral en-
ergy distribution (SED) of QSOs with disk temperature.
We again use the large dataset of quasar spectra available
from the SDSS. We compare the observed quasar spectra
to model predictions computed with the code AGNSPEC
(Hubeny et al. 2000) coupled with the photoionization
code Cloudy (Ferland et al. 1998). With a large range
of inferred disk temperatures, one might expect strong
trends in emission-line ratios and equivalent widths as a
function of disk temperature. We find that these expec-
tations are not borne out in observed QSO spectra.
We refer the reader to B07 for further background and
references to earlier work. We assume a concordance
cosmology with ΩΛ = 0.7, Ωm = 0.3, and H0 = 70
km s−1Mpc−1.
2. MODELING AND DATA SAMPLING
2.1. Accretion Disk Properties
B07 describe the physical basis of estimating the disk
effective temperature. In standard thin-disk theory
(Shakura & Sunyaev 1973), accreting matter gradually
spirals inwards as viscous stresses transport angular mo-
mentum outward. These stresses lead to local dissipation
of energy that flows vertically to the surface of the disk
and is radiated by the photosphere. The resulting effec-
tive temperature, given by F = σ Teff
4, shows a radial de-
pendence Teff ∝ r
−3/4 at radii substantially larger than
the inner boundary of the disk. As the inner boundary
is approached, the effective temperature reaches a maxi-
mum Tmax and then drops to zero at the inner boundary
if the inner boundary condition is one of zero torque. For
a disk radiating locally as a black body, the disk spec-
trum is fixed by Tmax, for a given value of black hole
spin. For realistic opacities, there are significant spectral
features such as Lyman edges of hydrogen and helium, ei-
ther in emission or absorption (Hubeny et al. 2001) that
can cause disks with the same value of Tmax to differ
in their detailed continuum spectra. However, Tmax still
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remains a useful sequencing parameter.
The key parameters for a QSO accretion disk are the
black hole mass and spin, the accretion rate, and the ob-
server viewing angle. An important reference luminosity
is the Eddington limit,
LEd =
4πcGMBH
κe
= (1046.10 erg s−1)M8, (1)
where κe is the electron scattering opacity per unit mass
and M8 = MBH/(10
8 M⊙). The total luminosity pro-
duced is
Lbol = ǫM˙c
2 = (1045.76 erg s−1)ǫ−1M˙0. (2)
Here M˙0 is the accretion rate inM⊙ yr
−1, and ǫ = 10ǫ−1
increases from 0.057 for a non-rotating hole to 0.31 for a
rapidly rotating Kerr hole with angular momentum pa-
rameter a∗ = 0.998 (Novikov & Thorne 1973; Thorne
1974). For a∗ = 0.998
Tmax = (10
5.56 K)M
−1/4
8 (Lbol/LEd)
1/4, (3)
or alternatively, Tmax = (10
5.54 K)M
−1/2
8 L
1/4
46 , where
L46 ≡ Lbol/(10
46 erg s−1). For a Schwarzschild hole,
Tmax is cooler by a factor of 10
0.46 for a given MBH and
Lbol (e.g., Shields 1989). We also define a reference ac-
cretion rate M˙Ed ≡ LEd/c
2 = (10−0.66 M⊙ yr
−1)M8 and
a dimensionless accretion rate m˙ ≡ M˙/M˙Ed. Note our
definition of M˙Ed in terms of ǫ = 1, so that a value
m˙ = 3.1 gives LEd for a∗ = 0.998.
2.2. Deriving MBH and Tmax
Derivation of MBH from the width of the Hβ or Mg ii
broad emission lines has become an accepted approxi-
mation in recent years. The FWHM of the broad lines
is taken to give the circular velocity of the broad-line
emitting material (with some geometrical correction fac-
tor). The radius of the broad-line region (BLR), derived
from echo mapping studies, increases as a function of the
continuum luminosity, R ∝ LΓ. Bentz et al. (2009) find
Γ = 0.52± 0.07, consistent with the value 0.5 suggested
by photoionization physics. Here we use (Shields et al.
2003)
MBH = (10
7.69 M⊙)v
2
3000L
0.5
44 , (4)
where v3000 ≡ FWHM/3000 km s
−1, and
L44 ≡ λLλ(5100)/(10
44 erg s−1).
The derived value of Tmax depends almost entirely on
the broad line FWHM for a given object. The bolometric
luminosity can be estimated as Lbol = fL × λLλ(5100),
following Kaspi et al. (2000)). Using Eq. 4 and this ex-
pression for Lbol, Eq. 3 becomes
Tmax = (10
5.43 K) v−13000 L
−(Γ−0.5)/2
44 (fL/9)
−1/4, (5)
We use a bolometric correction factor fL = 9
(Kaspi et al. 2000; Richards et al. 2006).
2.3. SDSS Spectra and Tmax Bins
We use the SDSS DR5 spectroscopic data base for
“quasars” as our primary observational material. We
selected AGN using an automated spectrum fitting
program and imposing quality cuts as described by
TABLE 1
Properties
Tmax MBH νLν(5100) M˙ L/LEd M˙5100 (L/LEd)5100
5.0 8.72 44.39 -0.95 -1.47 -0.77 -1.34
5.1 8.51 44.36 -0.98 -1.30 -0.63 -0.99
5.2 8.31 44.33 -0.97 -1.13 -0.49 -0.65
5.3 8.12 44.34 -0.95 -0.93 -0.29 -0.26
5.4 7.90 44.30 -1.00 -0.75 -0.12 0.13
5.5 7.66 44.22 -1.06 -0.59 -0.03 0.46
5.6 7.43 44.13 -1.13 -0.44 0.06 0.78
5.7 7.20 44.04 -1.19 -0.30 0.15 1.10
Note. — Mean properties of the SDSS quasars in the various
Tmax bins. All quantities are log10, with MBH in solar masses and
M˙ in solar masses per year. Subscript “5100” refers to AGNSPEC
models with accretion rate adjusted to match observed continuum
at 5100 A˚. See text for discussion.
Salviander et al. (2007). These fits give values for quan-
tities such as the flux and width of the broad Hβ line
and the continuum flux at various rest wavelengths in-
cluding λ5100. The adopted redshift range is z = 0.1
to 0.8 so as to keep the [O iii] nebular lines out of the
telluric water vapor region. Approximately one-half of
the objects fall above the QSO/Seyfert galaxy luminos-
ity boundary at log νLν(5100) = 44.44 in units of erg s
−1
. Following B07, we derive MBH and Tmax for the indi-
vidual quasars as described above, and then group them
into bins with logTmax ranging from 5.0 to 5.7 defined
by windows of 4.95 to 5.05, etc. Table 1 gives the aver-
age values of log MBH and log νLν(5100) for these bins.
Also given is the accretion rate and resulting logTmax on
the assumption fL = 9 and a∗ = 0.998, based on the bin
averages for log MBH and log νLν(5100). (An alterna-
tive approach to the accretion rate is discussed below.)
The values of logMBH systematically decrease from 8.27
to 7.20 as logTmax increases from 5.0 to 5.7. The mean
luminosity and accretion rate differs only slightly among
the bins. As a result, the Eddington ratio increases with
logTmax from logL/LEd = −1.5 to -0.3 across the bins.
For each of the bins, we form a composite spectrum
giving equal weight to all objects based on the frequency-
integrated flux at earth over the spectrum. These com-
posite spectra were measured to give values of several
observational quantities (e.g., the [Ne v] emission-line in-
tensity) used in the analysis below. Line measurements
were carried out in IRAF6. Figure 1 gives the compos-
ite spectra and Figure 2 shows the accretion rate for the
composite spectra as discussed in the preceding para-
graph.
2.4. Accretion Disk Models
Our goal is to compare basic trends in observed and
predicted AGN properties as a function of Tmax. To this
end, we have computed disk models using the AGNSPEC
program (Hubeny et al. 2001) in the manner described in
B07. These models take as input parameters the black
hole mass MBH and spin paramter a∗, accretion rate M˙ ,
viscosity parameter α, and inclination i of the disk axis
6 IRAF is distributed by the National Optical Astronomy Ob-
servatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.
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Fig. 1.— Composite spectra of SDSS quasars binned by Tmax. The thin vertical line represents the wavelength of the He ii λ4686 line.
See text for discussion.
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Fig. 2.— Accretion rate used in the AGNPSEC models of the
accretion disk. Lower curve (black dashed) is the accretion rate
based on an assumed bolometric correction fL = 9. Upper curve
(red solid) shows the accretion rate required to give the mean ob-
served λ5100 continuum luminosity of the objects in the Tmax bins.
For the higher values of Tmax, the bolometric correction is large
and the accretion rate and resulting Tmax is higher than for fL = 9.
This aggravates the discrepancy between predicted and observed
emission-line properties.
to the line of sight. For simplicity, we adopt the com-
monly assumed value α = 0.1 and focus on rapidly ro-
tating black holes with a∗ = 0.998 (Thorne 1974). We
take cos i = 0.6 as representative of randomly oriented
AGN subject to an exclusion of inclinations near edge-
on because of the dusty torus postulated in the unified
model of AGN (Antonucci & Miller 1985). The AGN-
SPEC code computes the vertical gravity and locally
emitted flux F (R) in the orbiting frame, and calculates
for each radius the vertical structure and emergent spec-
trum with the aid of a pre-computed grid of models. The
spectrum observed at infinity is summed over all emit-
ting radii accounting for all relativistic effects. In order to
avoid an excessive number of free parameters, we restrict
our models to the case a∗ = 0.998. The spin of the black
holes in AGN has been much debated, with some au-
thors arguing for moderate values based on likely merger
histories or fitting of disk models to the spectral energy
distributions of individual AGN (e.g., Czerny et al. 2011,
and references therein).
3. PROBLEMS WITH THE STANDARD DISK MODEL
Here we discuss tests of the success of the standard
thin accretion disk model in explaining a variety of ob-
served properties of AGN. We discuss two different ap-
proaches to determining the accretion rate of the disk,
which together with MBH determines Tmax. First, we
follow B07 in assuming a universal bolometric correction
fL = 9 as described above. Then we discuss an alterna-
tive approach (see Section 3.3) in which M˙ is adjusted in
the disk models so as to reproduce the observed value of
νLν(5100) . Figure 2 shows the accretion rate derived for
the composite spectra in these two different approaches.
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Fig. 3.— Radial temperature profile for the standard disk model
and the luminosity fitted model, including the alternative models
with a modified temperature profile in the inner disk. See text for
discussion.
Figure 3 shows the radial temperature profile for these
models as well as a modified accretion disk model dis-
cussed in Section 4.
3.1. Emission-Line Intensities
As found above, typical values of Tmax for the accre-
tion disk (for the parameters of our sample) are of or-
der 200,000 K, corresponding to a black body peak at
hν ≈ 3kT ≈ 1.5hνH, where hνH = IH is the hydrogen
ionization potential. Thus, the output of the disk in hy-
drogen ionizing photons, Q(H0), will be sensitive to the
value of Tmax, and the sensitivity will be greater for ions
with higher ionization potentials. The amount of ionized
gas and the resulting line luminosities, as well as the rela-
tive intensities of lines from different levels of ionization,
should depend strongly on Tmax.
3.1.1. Hβ Equivalent Width
A basic application of this concept is the equivalent
width of the broad Hβ line. For a photoionized nebula,
the luminosity of the Hβ line is given by radiative recom-
bination theory (Osterbrock & Ferland 2006) as
L(Hβ) = (Ω/4π)(ǫHβ/αB)Q(H
0). (6)
Here, Ω/4π is the covering fraction for the BLR, ǫHβ
is the recombination-line emission coefficient, αB is the
radiative recombination coefficient for hydrogen to quan-
tum levels n = 2 and higher, and Q(H0) is the ionizing
photon luminosity (photons per second). This does not
allow for collisional excitation or other processes that can
affect Hβ in the BLR. The Hβ equivalent width is then
given by EW = L(Hβ)/Lλ(4861 A˚). As Tmax increases,
we expect a strong increase in EW(Hβ), because the ion-
izing frequencies are more sensitive to disk temperature
than the optical continuum emission. Figure 4 shows the
predicted EW for the set of AGNSPEC models described
above, on the assumption of a covering fraction of 0.5 in-
dependent of Tmax. The expected increase of EW with
Tmax is evident. (The covering fraction of 0.5 was cho-
sen to give agreement with the observed EW of Hβ at
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Fig. 4.— Predicted and observed equivalent width of broad Hβ
line as a function of Tmax. The SDSS composites show a systematic
decrease in EW with increasing Tmax, in contrast to the strong
increase predicted by the standard disk model. The modified disk
model shows a leveling off of the EW for higher Tmax although
at an excessively large value; the discrepancy in slope remains at
lower Tmax
log Tmax= 5.0 and is reasonable in the context of the
unified model of AGN.)
Figure 4 also shows the observed trend of the Hβ EW
as a function of Tmax for our SDSS composites. The
observed values show a progressive decrease from from
120 A˚ to 50 A˚ as logTmax increases from 5.0 to 5.7. This
trend is in qualitative disagreement with the model pre-
diction. While it is possible that the covering fraction
changes systematically with Tmax, an order-of-magnitude
decrease in Ω/4π would be required from logTmax = 5.0
to 5.7. A search for independent signatures of such a
trend may be worthwhile. However, it seems likely that
such an extreme trend in covering fraction would have
been been noticed in prior investigations. Therefore, the
discrepancy shown in Figure 4 is an indication that some-
thing is wrong with the standard disk model as regards
the ionizing photon output. This discrepancy resembles
that found in B07 in which the continuum colors do not
show the expected trend toward bluer colors at higher
Tmax. The systematic decrease in Hβ equivalent width
with increasing Tmax gives a new context to the long
known correlation between the EW and FWHM of the
broad Hβ emission line (Boroson & Green 1992), since
the derived Tmax depends mainly on the Hβ broad line
width (see eq. 5).
3.1.2. Ionization Ratios
Typical AGN spectra show emission lines from ions
with a large range of ionization potentials. In the case
of ionized nebulae, a useful diagnostic of the ionizing
continuum is the ratio of the lines of He II and H I.
In a normal nebular ionization structure, He ii occupies
an inner volume of the Stro¨mgren sphere (or a surface
layer of a slab) whose fraction of the total H+ volume
is proportional to the ionizing photon luminosity ratio,
Q(He+)/Q(H0). Here Q(He+) is the ionizing photon lu-
minosity above 4 Rydbergs frequency. The recombina-
tion line ratio I(He IIλ4686)/I(Hβ) is in turn propor-
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Fig. 5.— Predicted line intensity ratio of He ii/Hβ for accretion
disk model compared with observed ratio for the narrow lines as
a function of Tmax. Note strong underprediction of He ii for the
lowest temperatures and the strong trend in the model predictions
in contrast to the observed intensities. The He ii narrow line in-
tensity is difficult to separate from the broad line profile for higher
Tmax. See text for discussion.
tional to the nebular average of N(He+2)/N(H+), giving
I(λ4686)/I(Hβ) = 1.02Q(He+)/Q(H0). (7)
This assumes that the nebula is optically thick to the
Lyman continuum.
Figure 5 shows that Q(He+)/Q(H+) does indeed in-
crease strongly with increasing Tmax in the AGNSPEC
models. Figure 1 shows the composite spectra for the
various bins in logTmax. The broad He ii line is blended
with Fe ii and difficult to measure. The He ii line in the
narrow line spectrum is well defined for our cooler com-
posites, in which the broad line widths are large. How-
ever, it is difficult to separate the narrow from the broad
components of λ4686 for the hotter composites, which
have relatively narrow broad lines. Nevertheless, two
points can be be made. A subjective inspection of the
figure indicates little trend in the narrow He ii strength
as a function of logTmax. Also, the observed values of
narrow He ii/Hβ for the lower Tmax bins are larger than
would be expected for the predicted disk continuum, ab-
sent an additional hard component such as a power-law;
and there is little trend with increasing Tmax.
For an observationally more feasible test, we consider
the narrow line ratio of [Ne v] λ3426 to [Ne iii] λ3869.
The Ne+4 ion requires even higher ionizing photon ener-
gies than He+2 and thus the [Ne v]/[Ne iii] ratio should
be even more sensitive to Tmax than He ii/Hβ. However,
[Ne v]/[Ne iii] shows no significant trend with Tmax (see
Figure 6). Thus, this observed line ratio, involving emis-
sion lines from the NLR rather than the BLR, also fails
to support the expectation of a harder spectrum in the
ionizing ultraviolet for higher Tmax.
3.2. Soft X-rays
AGN spectra characteristically include emission in the
hard and soft X-ray bands. In general, this emission in-
volves frequencies too high to be the result of ordinary
thermal continuum emission from a standard accretion
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Fig. 6.— Predicted line intensity ratio of Ne v/Ne iii for accretion
disk model compared with observed ratio as a function of Tmax.
Note strong trend in the model prediction that is not reflected in
the observed intensities. See text for discussion.
disk. Laor et al. (1997) and others have noted the in-
consistency of observed soft X-ray fluxes with the sim-
ple thin-disk model. A Comptonizing corona, producing
a power-law spectrum extending to high photon ener-
gies, is sometimes invoked (Czerny & Elvis 1987). How-
ever, for the higher values of Tmax that we consider here,
substantial soft X-ray emission from the inner disk is
predicted, and there is the possibility of overproducing
soft X-rays. We have computed Tmax in the manner de-
scribed above, for the AGN in the sample described by
Laor et al. (1997). Laor gives X-ray fluxes and values
of the optical (3000 A˚) to soft X-ray (0.3 keV) spectral
index defined by Ls/Lo = (νs/νo)
α
os. Figure 7 shows the
predicted value of αos as a function of Tmax for a simple
set of AGNSPEC models with MBH = 10
8 M⊙. The in-
crease in αos with increasing Tmax is evident. In contrast,
the observed values of αos in the Laor sample, grouped
into our same bins in Tmax, show no significant trend
with Tmax. In particular, for logTmax > 5.2, the mod-
els predict a greater value of Ls/Lo than observed. This
is significant, because one might invoke a Comptonized
component to explain the soft X-rays for low Tmax; but
the hotter disks, in the standard model, over-predict the
soft X-rays even before any Comptonized component is
added. While the origin of the X-ray flux of AGN re-
mains uncertain, it is remarkable that observed values of
αos show no trend with Tmax. Thus, we have in αos yet
another qualitative discrepancy between observed AGN
properties and the predictions of the simple disk model.
The dependence of αos on disk effective temperature
has been previously discussed by other authors. For ex-
ample, Deroches et al. (2009) in their Figure 6 show αos
versus log[(Lbol/LEd)
1/4MBH
1/4]. Aside from minor dif-
ferences in the derivation of Lbol and MBH, their tem-
perature axis can be calibrated to our logTmax scale by
adding 7.56. The SDSS objects in their plot span a sim-
ilar range in Tmax to ours, and likewise show little sys-
tematic trend in αos with Tmax.
3.3. Models with variable bolometric correction
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Laor et al. (1997). Note absence of trend with Tmax for the ob-
served values. See text for discussion.
As noted above and in B07, the use of a universal
bolometric correction fL = 9 is not consistent with the
proposition that disk temperatures may differ consider-
ably among AGN. An alternative approach is to tune the
value of M˙ in the AGNSPEC models so as to give the ob-
served value of λLλ(5100) for a given Tmax bin. We have
computed a set of models in this fashion, still assuming
a∗ = 0.998 and µ = 0.6. We find that for logTmax = 5.0,
the resulting model has a value Lbol giving fL ≈ 10, so
that the model differs little from the fL = 9 case. How-
ever, for the higher Tmax bins, the value of fL implied
by the AGNSPEC fits increases progressively to a value
of fL ≈ 50 for logTmax = 5.7. (Here we use the ter-
minology Tmax to refer to the original SDSS quasar bins,
even though the actual Tmax of the models is now higher.)
These models involve very large accretion rates which ex-
ceed the more conventional M˙ based on fL = 9 by nearly
an order of magnitude. Such large accretion rates put in-
creased strain on available accretion supplies. They also
give Lbol much larger than LEd, so that the inner radii of
such disks would likely involve serious modifications due
to radiation pressure and mass loss, as discussed below.
Nevertheless, we start our discussion of these models by
revisiting the several observational tests above using the
predicted disk spectra from AGNSPEC.
Because fL increases strongly with Tmax in these mod-
els, the actual value of Tmax exceeds the nominal value
defining the data bin by an increasing factor as the nom-
inal logTmax increases. These models are useful, never-
theless, because we may think of the nominal logTmax
spectrum bins as a sequencing procedure that gives us
a set of SDSS AGN involving a large range in Tmax,
even if there are ambiguities as to how well the nomi-
nal value agrees with the actual disk temperaure. Be-
cause the models adjusted to L5100 have a greater range
of M˙ and logTmax than the nominal models, they are
expected to show even stronger trends in observational
quantities sensitive to Tmax, such as continuum color and
high ionization emission-line strength.
Figure 4 shows the predicted equivalent width of Hβ for
the luminosity-fitted models. The strong increase with
the bin value of Tmax is now even more pronounced and
in greater contrast to the observed decrease. Figures 5
and 6 show the predicted He ii and [Ne v] intensity. The
strong increase in [Ne v] with Tmax is now in even greater
contrast to the observed constancy of [Ne v]/[Ne iii].
Figure 7 shows the extreme trend in αos versus Tmax for
the luminosity-fitted models. The hotter cases greatly
overpredict the observed soft X-ray fluxes.
Clearly, the luminosity-fitting approach only exacer-
bates the discrepancy between the theoretical predic-
tions and observations. However, this approach may
have merit physically, since it avoids use of a univer-
sal bolometric correction. Moreover, for the higher val-
ues of Tmax, the fL = 9 models severely underpredict
the luminosity at λ5100. If the accretion rate is not
increased, some restructuring of the AGN continuum
source is needed to channel energy more efficiently into
the continuum at optical wavelengths. In any case, the
standard thin-disk model requires some kind of modifi-
cation to explain the continuum and emission-line obser-
vations.
4. A MODIFIED DISK MODEL
B07 found that observed continuum colors of SDSS
QSOs did not become progressively bluer with increasing
Tmax in the manner predicted by the AGNSPEC models.
We suggested that this resulted from higher Eddington
ratios at higher Tmax, leading to departures from the
standard thin disk model. This might involve thickening
by radiation pressure, inefficient “slim disk” accretion,
and mass loss in a radiation-driven wind (see also De-
roches et al. 2009). As an estimate of the potential effect
on the continuum colors, we computed AGNSPEC mod-
els in which the inner disk was truncated inside the radius
where radiation pressure gave a vertical scale height H
for the disk, relative to the radius, of H/R = 0.5. This
led to improved agreement with the observed colors, in
particular giving a non-monotonic trend of color with
Tmax.
Here we explore a more physical model in which the
disk effective temperature is modified inside the criti-
cal radius. The basic idea, following Poutanen et al.
(2007) and Begelman, King, & Pringle (2006), is to take
account of the luminosity produced at a given radius rel-
ative to LEd. If the luminosity emitted by a wide an-
nulus, d lnL/d lnR, is well below LEd, then the disk will
not be severely thickened by radiation pressure, and stan-
dard disk physics applies. However, except near the inner
boundary, d lnL/d lnR increases with decreasing R. For
sufficiently large values of M˙/MBH, a radius is reached
where d lnL/d lnR reaches LEd. Near this radius, serious
modifications of the disk structure can be anticipated.
Shakura & Sunyaev (1973) called this the “spherization
radius” Rsp on the basis that radiation pressure would
severely thicken the disk. Poutanen et al. (2007) find
that, inside Rsp, a combination of wind mass loss and
advection occurs to a degree that keeps the local lumi-
nosity d lnL/d lnR close to LEd. This results in a break
in the run of effective temperature with radius, so that
inside Rsp one has Teff ∝ R
−1/2 rather than the stan-
dard dependence Teff ∝ R
−3/4. This reduces the value
of Tmax actually reached in the inner disk as well as the
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luminosity radiated from the hottest parts of the disk.
The value of Rsp in units of the gravitational radius is
approximately rsp ≡ Rsp/Rg ≈ m˙. As M˙ increases, the
effective temperature at Rsp actually decreases, following
Tsp = (10
5.75 K)m˙−1/2M
−1/4
8 . (8)
Here we have used the Newtonian expression for the lo-
cal flux, omitting the normal factor of 3 increase in flux
due to viscous transport of energy from smaller radii.
This modification was found by Poutanen et al. (2007)
because of energy loss in the inner disk due to advection
and mass loss. For large values of m˙, a luminosity ∼ LEd
is emitted in the vicinity of Rsp, and a similar luminos-
ity is emitted per unit ln R at smaller radii. Thus Tsp
substantially controls the character of the emitted spec-
trum. Hence, the fact that Tsp decreases with increasing
m˙ once spherization comes into play is suggestive of the
reversal in the trend of colors with Tmax found in B07.
(Note that, in this context, Tmax is defined in terms of
the accretion rate entering the disk at large radii, and dif-
fers from the actual maximum temperature in the inner
disk.)
The potential for an inverse relationship between M˙
and disk color temperature is strengthened if one con-
siders the optical depth of the disk wind. In the case
of highly super-Eddington accretion, Poutanen et al.
(2007) find that a large part of the inflowing material
is expelled as a wind in the vicinity of Rsp. In the simple
approximation of a spherical wind with constant radial
velocity equal to the circular orbital velocity at Rsp, the
optical depth of the wind, measured radially from Rsp,
is τsp ≈ m˙
1/2. The optical depth in the wind, mea-
sured outward from some radius R that exceeds Rsp, is
τ(> R) ≈ τsp(R/Rsp)
−1. For the radius of the photo-
sphere, where τ(> R) = 1, this gives rph ≈ m˙
3/2. The
effective temperature at the photosphere is
Tph = (10
5.75 K)m˙−3/4m
−1/4
8 . (9)
This raises the prospect that, for super-Eddington ac-
cretion rates, the maximum visible disk temperature will
be Tph rather than Tmax. An estimate of the progres-
sion of the disk temperature as it actually appears to the
observer is then
Tapp = min(Tmax, Tph). (10)
This assumes that there is enough absorption opacity in
the wind to reprocess the emerging energy; otherwise,
the escaping spectrum may still be characterized by Tsp.
For our Series 1 models above, with an accretion rate
based on fL = 9, the value of logL/LEd reaches -0.3
for logTmax = 5.7. Thus, unless opacity sources other
than electron scattering reduce the effective Eddington
limit, the effects of radiation pressure may be modest.
However, for our Series 2 models with M˙ adjusted to
fit the continuum at λ5100, logL/LEd reaches +1.1
for logTmax = 5.7. For this series, at logTmax =
(5.0, 5.4, 5.7) we have log m˙ = (−0.79,+0.29,+1.65);
logmin(Tmax, Tsp) = (5.05, 5.44, 5.13), and
logmin(Tmax, Tph) = (5.05, 5.37, 4.75). Thus, a re-
versal of the trend of the apparent temperature of the
disk as a function of the nominal Tmax would be expected
at logTmax ≈ 5.4. The fact that this value agrees with
the turn-around in the color trend found in B07 is
fortuitous, given the approximations in our discussion.
However, this simple calculation does illustrate the
possibility of reverse trend of color temperature with
M˙/MBH
2 for super-Eddington rates.
In order to explore the impact of super-Eddington
accretion on the disk spectrum and resulting emission-
line intensities, we have computed modified models with
AGNSPEC in which the standard Teff inside a break ra-
dius Rb is multiplied by a factor (R/Rb)
1/4 (see above).
For the value of the break radius, we took Rb/rg =
xb (L/LEd). We present here results for xb = 7, which
was motivated by a preliminary analysis but which serves
here simply as an illustrative example. We used the same
values of MBH and M˙ as used in our Series 1 and Series
2 models above. The run of Teff with radius for the mod-
ified models is shown in Figure 3. As expected, there
is little effect for Series 1 (fL = 9); but substantial al-
terations are seen for Series 2. In Figure 4, the Series 2
prediction for the Hβ equivalent width levels off above
logTmax = 5.4. This reduces but does not eliminate the
discrepancy with the observed trend. Figure 5 shows a
similar leveling of the predicted He ii intensity. Figure
6 shows a substantial reduction in the predicted Ne v
intensity for logTmax around 5.4. These models are not
intended to achieve a detailed fit to the observed spectra,
but they do illustrate the substantial effect on the ioniz-
ing continuum that results from a modified disk structure
resulting from super-Eddington accretion.
5. RADIO VS. NON-RADIO SOURCES
Our focus has been on the entire SDSS quasar data
set, which is strongly dominated by radio quiet objects.
However, radio loudness raises interesting questions re-
garding the black hole spin, which affects the inner disk
boundary and thus the maximum temperature reached
in the disk. Numerous authors have discussed the possi-
bility that radio loud AGN have rapidly spinning black
holes (e.g., Blandford 1990), and on the other hand
Garofalo et al. (2010) have proposed that radio loud ob-
jects have retrograde black hole spin with respect to the
disk angular momentum. The innermost stable circular
orbit (ISCO) decreases from 6Rg for a = 0 to 1.22Rg for
a∗ = 0.998. Correspondingly, the radius of maximum ef-
fective temperature moves inward from 9.5Rg to 1.55Rg;
and the value of Tmax increases from 10
4.79M˙
1/4
0 M
−1/4
8
to 105.43M˙
1/4
0 M
−1/4
8 (Shields 1989). For retrograde spin,
the ISCO moves still farther out. These differences in the
inner disk temperature could have a significant effect on
the ionizing spectrum of the disk, while having less ef-
fect on the optical luminosity. Thus, we might expect
differences between radio loud and quiet AGN in the ob-
servational quantities sensitive to Tmax discussed above.
We have formed composite spectra separately for the
radio loud and radio quiet AGN, adhering to our previ-
ously defined bins in Tmax. Here radio loud was taken
simply to mean detected in the FIRST radio survey
(Becker et al. 1995). This is not equivalent to the stan-
dard definition (Kellermann et al. 1989) and is distance-
dependent, but it is sufficient to look for any qualita-
tive difference between radio loud and quiet AGN. Fig-
ure 8 shows the observed trend of the [Ne v] intensity
with Tmax for the radio loud and quiet composites. The
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Fig. 8.— Comparison of the [Ne v]/[Ne iii] ratio for radio de-
tected and non-detected SDSS quasars as a function of Tmax. Note
significant difference for the higher values of Tmax. See text for dis-
cussion.
[Ne v] /[Ne iii] ratio is similar for the two groups for
logTmax = 5.0, but there is a decline for the radio de-
tected objects with increasing Tmax. Certainly, there is
no evidence that [Ne v] is stronger for the radio-detected
objects, as might be expected if they have higher spin of
a prograde sense. On the other hand, the weaker [Ne v]
of the radio objects might be expected if they involve
retrograde disks.
6. CONCLUSION
The results presented here give focus to concerns about
the disk model for the AGN continuum that have been
voiced in the literature by numerous authors. In general
terms, AGN over a wide range of MBH and luminosity
have rather similar SEDs (see Laor & Davis 2011, and
references therein). Organization of the observational
data in terms of Tmax helps to clarify what trends are ex-
pected. We find that the predicted trends in the intensity
of Hβ, He ii and ]Ne v] are not seen in the observations.
Over a factor of five in the value of Tmax as inferred from
MBH and νLν(5100) , the [Ne v] intensity shows no sys-
tematic variation, and the Hβ equivalent width shows a
reverse trend. While our models are highly simplified, in
particular for cases that approach or exceed the Edding-
ton limit, the basic immunity of these key line ratios as
well as αos to the expected value of Tmax is a striking
empirical fact. These results suggest that a serious re-
examination of the structure and emission mechanisms
of the AGN central engine is in order. This might rea-
sonably start with more detailed studies of the nature
of disks in systems with high Eddington ratios, taking
account of advection, winds, and all contributing sources
of opacity.
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